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Growth and microstructure of synthetic chrysotile
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Abstract

Serpentine minerals were synthesized from 2MgrSiOo (natural ol ivine) f  3HrO, under
various condit ions for periods of 30 min to 30 days, to investigate the init ial  stages of
chrysoti le formation. Growth patterns and structures of the synthetic chrysoti le were exam-
ined by means of X-ray, electron dif fract ion, and latt ice-imaging electron microscopy. I t  is
suggested that chrysoti le cyl inders grow at both the t ips and roots of f ibers by addit ion at the
growth front. This mechanism basical ly supports the model of Jagodzinski and K unze ( 1954).

Microstructures of synthetic chrysoti le observed by latt ice imaging are described, and the
fine structure in electron dif fract ion patterns of chrysoti le is qual i tat ively explained by a
differential refraction effect.

Introduction

Chrysotile, lizardite, and antigorite are typical va-
rieties of serpentine minerals with different morphol-
ogies. Why and how such varieties are formed is not
fully understood. One of the authors (Yada, 1967,
1971 ) found that the lattice-imaging method of high-
resolution electron microscopy is very effective for
observing the microstructure of chrysoti le, and for
understanding its growth mechanism. In order to
elucidate the growth mechanism in more detail, i t
seems necessary to study the microstructure of ser-
pentine minerals synthesized in a controlled manner.
Consequently, we studied the influence of pH, reac-
tion temperature, and reaction time on the morpho-
logical and structural features of synthetic chrysoti le
(Yada and lishi, 1974). We found that the init ial
nuclei of chrysoti le in neutral solutions are mem-
branous sheets consisting of a few unit layers, formed
within 30 min at 300' to 400oC, and then curled up
into conical or cylindrical f ibri ls.

In this paper, the init ial stages of growth under
alkaline and acidic conditions and the growth mecha-
nism of chrysoti le wil l be discussed on the bases of
microstructures observed for the synthetic material.
Finally, f ine detail of the electron diffraction patterns
will be interpreted in terms of an electron refraction

effect caused by the circular cross-section of the
chrysot i le  f ibr i ls .

Experimental methods

Several possible ways of serpentinization in nature,
starting from different matrices such as olivine,
pyroxene or/and sil ica, have been proposed (Deer el
a l . ,  1962,  p.  185-187).  On the other  hand,  hydro-
thermal synthesis of serpentine minerals has been
reported by many workers from various kinds of
starting minerals. In our experiments, natural olivine'

'Composi t ion by chemical  analysis (standard convent ional  s i l i -
cate analyt ical  method) is  as fo l lows (Aoki  and Shiba,  1974)
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from Itinome-gata Akita Prefecture, Japan, pulver-
ized to have the grain size of 0. lp - 2pt, was selected
as a starting material for the synthesis.

The experimental apparatus and the procedure for
the chrysoti le synthesis are the same as those already
reported (Yada and Iishi, 1974). Synthesis was car-
ried out under neutral conditions, and in highly alka-
l ine ( lN NaOH) or  ac id ic  (0.3N HCI)  so lut ions.  The
products, quenched to room temperature! were
rinsed with disti l led water and examined by means of
X-ray, electron diffraction, lattice-imaging electron
microscopy, and optical diffraction of electron micro-
graphs.

Results and discussion

The experimental conditions and results are l isted
in Table l. The pH values refer to those of the start-
ing solution. The pH of the solution quenched after
reaction was not measured. The reaction temper-
atures, 300' and 400'C, were selected as the most
sui table for  chrysot i le  format ion (Yada and l ish i ,
1974). The essential reaction is thought to be:
2 Mg,SiOn + 3H,O :  MgaSizOu(OH)4 + Mg(OH)r .
In i t ia l  nucle i  o f  serpent ine were observable wi th an
electron microscope after 30 min hydrothermal
treatment, although no traces of serpentine were
detected by X-ray diffraction. After several days,
serpentine and brucite were always recognized by
X-ray analys is .  Magnet i te ,  which might  be formed
in this experiment, was not detected, though recent
work by Moody (1976) showed that the serpentiniza-
tion of Fe-bearing olivine produces magnetite in ad-
dition to serpentine and brucite.

Table l .  Synthesis condi t ions and resul ts

Run no. pH T( 'C) Tlme Val ier ies Shape of C Type of C

Fig.  I  Membranous nucle i  formed on the surface of  o l iv ine (a)
af ter  30 min t reatment at  300"C, pH 7 (Run OS l2 l  ) ,  (b)  af ter  2 hr
t reatment at  300"C, pH 7,  (Run OS 123).

(l ) Growth under neutral conditions

Figure I shows the init ial stages of serpentinization
at  300'C for  30 min (a)  and 2 hr  (b) .  S l ight ly  curved
membranes having a rather rough surface on a mo-
lecular level, and consisting of a few unit layers sev-
eral hundred Angstrom units wide are seen on the
surface of the olivine. These init ial membranes seem
to be curved in various ways so as to form parts of a
sphere, cone, or cylinder, depending on the ambient
conditions, especially on pH and temperature. With
longer treatment they formed conical or cylindrical
fibri ls by further wrapping of the curved membranes
as shown in Figure lb. The nucleus, indicated by the
arrow, is conical with a wall only three layers thick;
its appearance is characteristic of parachrysoti le, as
shown by the direction of the 4.5A fringes parallel to
the arrow. The membranes contain an even or odd
number of unit layers. The smallest number of observ-
able layers is one.

Figure 2 shows another example from the sample
prepared at 300"C for 2 hr, with the corresponding
diffraction patterns. Many nuclei are seen around the
olivine particle (a); (b) is an enlarged image of a part
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Fig.  2 Membranous nucle i  formed af ter  2 hr  t reatment at  300"C,
pH 7 (Run OS 123) (a)  low-magni f icat ion image, (b)  enlarged

image, (c)  e lectron di f f ract ion pat tern.

of (a), and (c) the electron diffraction pattern. The
intense diffraction spots in (c) are from olivine, and
the arrows indicate the position of the diffraction
r ings of  chrysot i le  corresponding to 7.3A and 4.5A
spacings. These very faint and diffuse rings suggest
that the crystall inity of the init ial nuclei is sti l l  poor at
this stage.

Figure 3 shows, at low and high magnifications, the
stage of serpentinization by hydrothermal treatment
at 400'C for 2 hr. Many serpentine membranes con-
sisting of several unit layers have grown in a relatively
flat shape from the surface of the olivine particle.
Most of these flat membranes curl up with increased
hydrothermal treatment time. Some of them remain

flat, and eventually become lizardite, identif iable by

selected-area electron diffraction. These platy crystal-

l i tes often showed well-defined hexagonal form and

mosaic domain structure of 4.5A lattice fringes in-

c luding many d is locat ions (Yada and I ish i ,  1974),  but

neither the long-period lattice fringes nor the super-

lattice diffraction pattern characteristic of antigorite.
Figure 4a shows a typical cone-in-cone morphol-

ogy (Bates and Comer,  1957),  obta ined af ter  30 days

treatment at 300oC, while Figure 4b shows that platy

lizardite is formed concurrently with normal straight

and conical f ibri ls of chrysoti le at the higher temper-

ature,  400oC.

(2 ) Growth under alkaline conditions

Serpentinization is much faster in a highly alkaline

solut ion of  lN NaOH, and cy l indr ica l  chrysot i le  f i -

bri ls of several hundred Angstrom units in length are

formed wi th in 30 min,  as shown in F igure 5a.  Some

of these fibri ls have very thin walls at this stage, but

they grow rather rapidly and several hours later be-

come straight with a diameter and wall thickness

Fig.  3 In i t ia l  s tage of  serpent in izat ion af ter  2 hr  t reatment at

400 'C ,  pH  7  (Run  OS  124 )
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Fig. 4 (a) Cone-in-cone f ibr i ls oi chrysoti le after 30 days at
300'C, pH 7 (Run I l2), (b) chrysoti le (C) and l izardite (L) after 30
days  a t  400oC,  pH 7  (Run OS l l5 ) .

simi lar  to  those of  natura l  chrysot i le .  F igure 5b
shows such an example obtained by a 5 hr treatment,
where many straight or slightly conical f ibri ls have
grown radially from the surface of olivine particle
like spines of a sea-urchin. These fibri ls also show
various growth patterns if observed by optical dif-
f ract ion (Yada and I ish i ,  1974).

(3)Growth under acidic conditions

In a h ighly  ac id ic  solut ion,  rather  wide and s l ight ly
curved membranes consisting of several unit layers
were formed on the olivine and then gradually
wrapped up to form chrysoti le f ibri ls. Figure 6 shows
a typical example from a 30 min hydrothermal treat-
ment  at  300'C.  Por t ion A is  a s ide v iew of  a mem-
brane growing from the surface of the olivine, about
l0 uni t  layers th ick.  The spacing of  the uni t  layers is
not uniform throughout, especially at their root, .8.
At C, very small init ial nuclei, l-2 unit layers thick,
have grown in an oriented direction, which suggests a
preferential growth relation between the olivine and
serpent ine layers.

Figure 7a shows at a relatively low magnification
an example of  a 5 hr  t reatment  at  300.C.  Most  of

the membranes are beginning to wrap into a conical
shape. Figure 7b shows the conical f ibri ls obtained
after l0 days hydrothermal treatment at 300oC.
Cone-in-cone fibri ls grow in such a manner that the
bases of the conical f ibri ls are in contact with the
olivine (left top of the picture) and the tip is always
tapered.

From these observations of the init ial stages of
serpentinization, the growth mechanism of chrysoti le
from olivine may be described phenomenologically as
shown in Figure 8. The init ial nuclei of serpentine are
formed after 20-30 mrn reaction as membranes of
several unit layers thick and a few hundred Angstrom
units wide, protruding from the surface of olivine.
There wi l l  be var ious k inds of  ions such as (Si rOu) ' - ,
Mg2+,  and (OH)-  in  the hydrothermal  so lut ion,  and
init ial nucleation of serpentine wil l take place at the
sites where these component ions coalesce, either
apart from or attaching to the olivine in the solution,
under a certain supersaturation condition. The exper-
imental results showed that the latter case is much
more frequent. Crystall inity at this stage is rather
poor. Nuclei are curved as a part of a sphere, cone,

Fig 5 Init ial  stages of serpentinization at 300"C under alkal ine
condit ions (a) 30 min treatment (Run OS l4l),  (b) 2 hr treatment
(Run OS 142)
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Fig 6 In i t ia l  s tage oi  serpent in izat ion af ter  30 min t reatment at

300 'C  unde r  ac i d i c  cond i t i ons  (Run  OS  143 ) .

or cy l inder ,  depending on the ambient  condi t ions of
pH, temperature,  and addi t ives,  and the membranes
grow and wrap up to form conical or cylindrical
f ibr i ls .  In  a lka l ine solut ions,  cy l indr ica l  wrapping is
likely to occur from the beginning of the growth of
the membrane,  but  in  ac id ic  solut ion the membrane
first spreads to some extent and then the curling
starts. ln stage (b), a perfectly round connection
which leads to a concentric crystal may be possible,
especia l ly  in  a lka l ine solut ions,  but  the spi ra l  fo ld ing
is much more general, and leads to the conical or
cy l indr ica l  s t ructure wi th a spi ra l  arrangement.

With respect to the mechanism of the growth of the
serpentine layers, molecular particles or clusters with
serpentine compositions formed by coalescence of the
component  ions f rom decomposi t ion of  the o l iv ine in
the hot solution wil l reach the membrane, and diffuse
on the outer or inner surface of the wrapped mem-
brane and settle at kink sites in the layer front.2 Thus

' l t  is  st i l l  not  c lear whether the component ions form "molecu-
lar  part ic les or  c lusters"  by di f fus ion before they set t le to the k ink
si tes,  or  d i rect ly  assemble at  the k ink s i tes so as to crystal l ize into

the serpent ine layer,  but  the former case seems plausib le.

SYNTHET]C CHRYSOTILE

the fibri ls become longer (a kind of t ip growth) and

thicker by advancement of the layer front as shown in

Figures 8c and 8d,  where the growth mechanism of

Jagodzinski  and Kunze (1954) may operate '
In the vicinity of the interface between the olivine

and the membrane, the component ions for serpenti-

nization are supplied more easily to kink sites near

the root  of  membranes f rom the o l iv ine matr ix .  Thus,

root growth advancing toward the decomposing ma-

trix, as well as tip growth, wil l take place. Actually,

there wi l l  be a h igh densi ty  of  nucle i ,  so that  the
growth form is l ike spines of a sea-urchin. Growth
will cease when decomposition of the olivine particle

is  f in ished (Fig.  8d) .
In the growth of natural chrysoti le, in places where

hydrothermal water penetrates into narrow cracks of

the matrix rock, many nuclei are formed at the same

time, so that the axial directions of the fibri ls wil l be

lined perpendicularly to the rock face. The bundles of

fibri ls wil l then grow towards the decomposing rock

face, leaving a gap between the two sides. Such a

plane of  d iscont inui ty ,  which represents the contact

Fig.7 Init ial  stage ofserpentinization under acidic condit ions (a)
after 2 hr treatment at 300"C (Run OS 144), (b) after l0 days at
3 0 0 ' C  ( R u n  O S  l 3 l ) .
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(d )

Fig.  8 Schemat ic drawing of  chrysot i le format ion.

area of the growth fronts from the two sides, is usu-
ally observed near the middle of a vein of a so-called
cross-fiber deposit.

The control of oxygen partial pressure (f ) is very
important from a petrological point of view in an
iron-bearing system, but we did not attempt it. Our
preliminary experiment with a synthetic iron-free oli-
vine showed that the growth mechanism of chrysotile
was not affected much by iron content. The results
obtained with the synthetic olivine and olivine
formed from natural chrysotile will be reported else-
where.

(4 ) Microstructure of synthetic chrysotile

As already reported (Yada and lishi, 1974), para-
chrysotile rather than ortho- or clinochrysotile is fre-
quently identified in the synthetic sample. Figure 9
shows a typical example of parachrysotile with a
small conical formed under acidic conditions (0.3N
HCl, 400'C, l0 days).  I t  is ident i f ied by the 4.5A
fringes intersecting the 7.3A fringes at right angles.
The 4.5A, fringes are not always visible over all areas,
but are confined to certain lattice planes. This seems
to be caused by the failure of regular crystallographic
stacking in the a-b plane between adjoining mem-
branes, resulting from the wrapping and advance-
ment of the initial membranes as they grow into the
conical shape. As regular stacking can hold for a

Fig. 9 A typical example of parachrysoti le with a weak conical
component  (Run OS 132) .

helical roll but not for a conical roll. it is reasonable
to suppose that the intermembrane binding is very
weak, and therefore voids or cavities are sometimes
observed between the adjoining membranes of con-
ical fibrils, even when they are not heavily damaged
by the electron beam during observation.

Fig. l0 Microstructure of a f ibr i l  showing bump-l ike growth
(Run OS 144),
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Morphologically-complicated chrysoti le crystals
are sometimes formed during growth from the init ial
membranous nuclei to the wrapped fibri ls, as a result
of mutual contact between nuclei producing defor-
mat ion or  superposi t ion.  F igure l0  shows a bump-
like growth, suggesting a spherical curvature of the
crysta l  p lane at  the t ip .

The other morphological type is a Y-shaped inter-
growth as already reported by Bates and Comer
(1957) in  a synthet ic  sample.  F igure l l  shows an
example of a Y-shaped intergrowth observed in the
case of acidic solution. The two Y-shaped fibri ls (l
and B) have connection angles of about 38o and 60o
respectively. The interconnection behavior of the lat-
t ice fringes of f ibri l I seems to suggest some crystal-
lographic relation such as twinning between the two
branches. Structurally, the longer arm of A is para-
chrysoti le and the shorter arm is clinochrysoti le,
while those of B are both conical parachrysoti le.
These unusual types of growth are often encountered
in synthetic chrysoti le, especially for acidic growth

e lec t ron  beom

chryso l i le  f iber

.," l i  
t".. 

\ ,..ording prone
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<(> * {tts inlcnsify Profi le

Fig l2 Schemat ic drawing for  the explanat ion of  the spl i t t ing of

the di f f ract ion spots by refract ion of  the electron beam

conditions, in contrast to the case of natural chryso-
t i le .

It was reported by one of us (Yada, 1967) that the
electron diffraction pattern taken with a divergent
electron beam from a single fibri l of natural chryso-
ti le shows some fine structure, such as a splitt ing of

the spots of the {00/} reflections. This phenomenon is

observed not only for all kinds of chrysoti le, but also
for the other cylindrical minerals such as halloysite,
and is interpreted qualitatively as a differential refrac-
tion of beams incident on and emerging from oppo-
site surfaces of a cylinder, as shown in Figure 12. For

refraction of an electron beam, the following equa-
t ions hold,

s in a ' ls in  a '  :  n  ( l )

n : l I V o / z E  ( 2 ) ,

where a is the angle of incidence, a' the angle of
refraction, n the electron-optical refractive index, .C
the accelerating potential, and Vo the mean inner
potential of the object. It has been reported that the
mean inner  potent ia l  Zo of  chrysot i le  is  about  l l .6Fig, I  I  Microstructure of Y-shaped intergrowth (Run OS l3l ) .
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Fig l3 An example of  a cone- in-cone f ibr i l  showing spl i t  spots
(Run OS 132) (a)  low-magni f icat ion image, (b)  enlarged image, (c)
electron di f f ract ion pat tern,  (d)  opt ical  d i f f ract ion pat tern of  (b) .

vol t  (Yada et  a l . ,  1973).  For  E :  100 kV and Vo:
l l .6  V,  n is  1.00006,  which is  very c lose to uni ty .
Therefore the refraction effect is very small in gen-
eral, but becomes appreciable at glancing incidence,
when d is  c lose to 90" .

It seems reasonable to assume the following (a) the
electron beam is refracted at both surfaces of the
chrysot i le ;  (b)  according to equat ions (1)  and (2) ,  the
refraction is greater towards the edge; (c) Bragg re-
flection takes place symmetrically inside the narrow
sectors bounded by the dotted l ines in Figure l2; (d)
the intensity of the diffracted beam is stronger to-
wards the edge because the outer layers are less
curved, and the effective thickness for diffraction is
greater. We can thus expect to have an intensity
distribution with long tails for the split spots, as

schematically shown in Figure 12.3 Usually, the split-
t ing of the central spot is obscured by halation.

It can be seen that for a cone-in-cone the splitt ing
takes place not on a straight l ine but on two inter-
secting l ines depending on the cone angle, so that the
split spots are not equidistant from the central spot.
Figure 13 shows an example of a single chrysoti le
fiber formed in an acidic condition; (a) and (b) show
images at low and high magnifications; (c) is the
corresponding electron diffraction pattern and (d) the
optical diffraction pattern from the electron micro-
graph. The electron diffraction spots corresponding
to the 7.3A spacing of (002) and its higher order split
into two non-equidistant spots (about 57o different),
but the optical diffraction spots are nearly equidis-
tant, which suggests that the actual spacing of the
lattice fringes is the same on both sides. The electron
and optical diffraction patterns also suggest that this
f i  br i l  is  parachrysot i le .

3 The dynamical  double-refract ion ef fect  of  an electron oeam
which is often observed for crystallites with a definite crystal habit,
such as MgO, is  neglected here
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